Human immunodeficiency virus type 1 (HIV-1) entry involves sequential interactions of the viral envelope proteins with CD4 and chemokine receptors, primarily CCR5 or CXCR4 (11, 12, 15) . With over 90% of developing cells in the thymus expressing CD4, the determining factor for HIV-1 infection in the thymus is the expression of the appropriate chemokine receptor or coreceptor. We and others have described the predominance of CXCR4 expression over CCR5 expression in the thymus, which facilitates the greater entry levels, faster replication kinetics, and enhanced cytopathicity of CXCR4 (X4)-tropic over CCR5 (R5)-tropic viruses in the human thymus (10, 18, 27, 40) . Although the levels of CCR5 in the thymus are low, simian immunodeficiency virus studies have shown that the thymus is an important target for R5 virus (17, 30, 36, 49) . Sopper et al. found an increase in mature thymocytes in the asymptomatic phase of simian immunodeficiency virus infection, with a severe depletion of mature CD4 and CD8 thymocytes in the symptomatic phase of infection, indicating impairment of T-cell regeneration (36) . In addition to entry, the activation state of the host cell is a determining factor for HIV-1 replication.
Cellular activation can either enhance or restrict HIV-1 replication at multiple stages of the viral life cycle (23, 45) . Completion of reverse transcription in vitro is dependent on the activated state of the host cell at or beyond the G 1 b phase of the cell cycle (21, 50, 51) . Cell-type-specific replication barriers also exist; for example, X4 HIV-1 is reportedly blocked at the level of nuclear import in Th2 T-cell clones (47) . Furthermore, a lack of X4 replication and pathogenicity has been observed in the SCID-hu peripheral blood lymphocyte model, in which virus is injected into SCID mice 2 weeks after peripheral blood lymphocyte transfer, when the cells exhibit a memory phenotype (14) . Monocytes, macrophages, and dendritic cells also exhibit activation/maturation-related blocks in HIV-1 replication (4, 33) .
T-cell development in the thymus is an active process of positive and negative selection (37, 48) . Given the diverse types of signals received by thymocytes during development, specific developmental stages may be more or less permissive for virus replication than others. Thus, HIV-1 pathogenesis in the thymus may be better understood by investigating the replicative capacity of HIV-1 in thymocytes at distinct developmental stages and by examining HIV-1 replication at the activationdependent steps of the viral life cycle within the thymus. Although HIV-1 expression in major thymocyte subsets has been reported, an in-depth analysis of entry and reverse transcription in distinct thymocyte subsets, in particular of thymocytes to be exported to the periphery, is still lacking.
We report here that thymocytes are sufficiently activated to support HIV-1 replication at the five distinct differentiation and activation stages that we examined. Both R5 and X4 HIV-1 entered and completed reverse transcription in each developmental subset studied. However, R5 HIV-1 replication in vivo predominated in the functionally mature CD27 ϩ thymocyte subset while X4-HIV-1 replicated primarily in the CXCR4 ϩ/hi CD69 Ϫ (prepositive-selection) stage of development and was highly productive in the CD3 Ϫ/dim CD71 ϩ cycling cells.
with delipidated bovine serum albumin (Sigma, St. Louis, MO) at 1,100 g/ml, transferrin (Sigma, St. Louis, MO) at 85 g/ml, and 2 mM glutamine and penicillin-streptomycin at 25 units/ml and 25 g/ml, respectively (AT-IMDM) (27, 43 4 Cl-Tris lysing buffer to remove the red blood cells while the tissue was cut into small pieces and passed over a cell strainer to generate a single-cell suspension of thymocytes. The cells were washed in phosphate-buffered saline and serum-free medium (AT-IMDM). Thymocytes were resuspended at 2 ϫ 10 7 cells/ml in serum-free medium for HIV-1 infection.
Immunomagnetic selection of thymocyte subsets. Goat anti-mouse M280 magnetic beads (6 ϫ 10 9 to 7 ϫ 10 9 ; Dynal, Lake Success, NY) were diluted to a 60-ml volume with serum-free medium without transferrin (A-IMDM) supplemented with 1% bovine serum albumin. The beads (1 ϫ 10 8 /ml) were coated with 25 l of the following antibodies (50 tests/ml) overnight at 4°C: mouse antihuman CD45RA, mouse anti-human CD69, and mouse anti-human CD71. Thymocyte subsets were selected sequentially as described previously (27) . Briefly, total thymocytes were incubated at a 1:1 ratio of CD45RA-coated M280 immunomagnetic beads to cells for 30 to 60 min at 4°C while rotating in a 15-ml culture tube in 4 to 5 ml medium. Cells were separated on a Dynal magnet, and both positively selected bead-bound cells and negatively selected CD45RA
Ϫ thymocytes were collected for further rounds of selection. The CD45RA Ϫ population was incubated for 30 min at 4°C with 30 l of CD27 mAb (100 tests/ml) in a 1-ml volume and then washed and incubated with M280 immunomagnetic beads at a 4:1 bead-to-cell ratio for 30 to 60 min at 4°C as described above. Both CD27 ϩ and CD27
Ϫ fractions were collected. The resulting CD45RA Ϫ CD27 Ϫ population was incubated with CD69-coated immunomagnetic beads at a 2:1 ratio as described above. CD69-positive and -negative fractions were collected. The resulting CD45RA Ϫ CD27 Ϫ CD69 Ϫ thymocyte population was incubated with CD71-coated M280 immunomagnetic beads at a bead-to-cell ratio of 1:1 for 30 to 60 min at 4°C while rotating and separated on a Dynal magnet into both positive and negative fractions. Each of the positively selected fractions was subjected to two more rounds of positive selection on the magnet to increase purity. Because the beads could not be removed for flow cytometric analysis of purity, we could only detect the purities of the negative fractions which were between 95 and 99%.
HIV-1 infection of SCID-hu mice and postnatal thymocytes. The syncytiuminducing, CXCR4-tropic hybrid molecular clone HIV-1 NL4-3 (NL4-3) was used for part of these studies (1) . Virus stocks were prepared from daily harvests of supernatants from CEM cells (CCRF-CEM) infected with virus derived from COS cells electroporated with plasmid pNL4-3. Stocks of the non-syncytiuminducing, CCR5-tropic molecular clones HIV-1 JR-CSF (JR-CSF) and HIV-1 NFN-SX (NFN-SX) were prepared from 24-h harvests of supernatants from interleukin 2 (IL-2)-and phytohemagglutinin (PHA)-stimulated peripheral blood mononuclear cells infected with the supernatant of COS cells electroporated with plasmids pYKJR-CSF and pSX (22, 24) . Virus stocks were stored at Ϫ70°C and treated with 2 g/ml DNase (Worthington, Lakewood, N.J.) for 30 min at room temperature in the presence of 0.01 M MgCl 2 before infections. All infections were standardized by quantitating the infectious units in limiting-dilution studies using PHA-stimulated peripheral blood mononuclear cells (50, 51) .
C.B.17 SCID mice were bred at UCLA and implanted with human fetal thymus and liver (thy/liv) grafts under the murine kidney capsule (2, 8) . Four to 6 months postimplantation, the thy/liv grafts were infected by direct injection of HIV-1 into the graft. Ten nanograms of p24 from R5 HIV-1 JR-CSF and 2 ng of p24 from X4 HIV-1 NL4-3 were injected into the implants in a 50-l volume. Mock-infected implants, used as controls in all experiments, were prepared by injecting the implants with 50 l of appropriate control supernatants. SCID-hu mice implanted with thy/liv grafts from the same donor were used for each individual experiment. The five different experiments included 6 to 27 SCID-hu mice per experiment, with 6 to 10 mice per time point. Thy/liv graft implants were taken between 1 and 9 weeks postinfection, and thymocytes were isolated as described above for the postnatal thymus specimens.
In vitro infection and culture of thymocytes were performed as previously described (27, 43) . Briefly, 1 ϫ 10 7 freshly isolated, nonstimulated thymocytes were incubated with 100 ng of X4 and R5 viral p24 in the presence of 10 g/ml Polybrene (Sigma, St. Louis, MO) for 1 h at 37°C. Control thymocytes were mock infected in the presence of Polybrene with supernatants from the same uninfected cells used to prepare the virus stocks. After infection, the cells were washed, resuspended in serum-free medium, and cultured for 18 h.
Surface and intracellular immunophenotyping. Surface immunophenotyping of thymocytes with directly conjugated antibodies was performed as previously described (31, 32 Cell cycle analysis. Total human thymocytes were surface phenotyped using mAb conjugated to CD71-FITC and CD3-PE, fixed in 0.25% paraformaldehyde for 30 min, permeabilized by 0.2% Tween 20 for 15 min at 37°C, and incubated with 20 ng/ml of the DNA dye 7-amino-actinomycin D. Samples were acquired with a FACScan flow cytometer (BDIS, San Jose, CA). The FL3 area and FL3 width plot were displayed to gate out any aggregates with more then 4N DNA and subapoptotic cells with less then 2N DNA content. Data were analyzed using the cell cycle analysis software ModFit LT (from Verity Software House, Inc., Topsham, ME).
DNA isolation and PCR. DNA was isolated from in vitro-infected cultures at 18 h postinfection by phenol-chloroform extraction and ethanol precipitation as described previously (27) . For samples collected from SCID-hu thymocyte subsets, simultaneous extraction of RNA and DNA was performed using TRIzol (Gibco/BRL-Life Technologies), following the manufacturer's protocol. Quantitative PCR was performed using an ABI Prism 7700 sequence detection system in a 25-l reaction volume for 40 cycles between 95°C for 15 seconds and 60°C for 1 min, using the components in the TaqMan core reagent kit (Applied Biosystems, Foster City, CA). Proviral burden was measured using the primer pair SR1/AA55, which binds within the R and U5 regions of the long terminal repeat (LTR). This same pair was used to detect nucleotides synthesized at the initiation of reverse transcription. The SR1/661 primer pair spans the primer binding site and measures the completion of reverse transcription. The primers SR1 (5Ј-CAAGTAGTGTGTGCCCGTCTGT-3Ј), AA55 (5Ј-CTGCTAGAGAT TTTCCACACTGAC-3Ј), and 661 (5Ј-CCTGCGTCGAGAGAGCTCCTCTG G-3Ј) were used along with the fluorogenic probe ZXF (5Ј-TGTGACTCTGGT AACTAGAGATCCCTCAGACCC-3Ј), modified with 6-carboxyfluorescein reporter dye on the 5Ј end and 6-carboxytetramethylrhodamine quencher dye on the 3Ј end. To control for the amount of cellular DNA per reaction, the following primers and probe were used to amplify a portion of the human beta-globin gene: forward primer BGF1 (5Ј-CAACCTCAAACAGACACCATGG-3Ј), reverse primer BGR1 (5Ј-TCCACGTTCACCTTGCCC-3Ј), and the fluorogenic probe modified as described above (5Ј-CTCCTGAGGAGAAGTCTGCCGTTACTG CC-3Ј).
Statistics. The Wilcoxon signed rank test was used to compare differences in HIV-1 entry, proviral burden, and levels of coreceptor expression for thymocytes at different stages of maturation. P values were adjusted for intracorrelation and intraexperiment correlations, where appropriate, through permutation methods. Due to small sample sizes, attention has been drawn to results that were significant at the 0.10 level or lower.
RESULTS
Delineation of distinct developmental stages of thymopoiesis. As T cells develop in the thymus, they receive developmental cues driving T-cell receptor (TCR) gene rearrangement, expression, and selection. These developmental stages are identified by the progressive expression of cell surface markers, leading to the eventual phenotype of naïve CD4 and CD8 single-positive T cells in the periphery (Fig. 1A) . Using four-color flow cytometry, we immunophenotyped thymocytes with various combinations of the following activation/developmental stage markers: CD1, CD3, CD4, CD8, CD45RA, CD27, CD69, and CD71 (for our purposes indicated as stages I to IV and substage I-P). The most mature thymocytes at the last stage of thymopoiesis, about to emigrate from the thymus, express high levels of CD3 and the leukocyte common antigen CD45RA isoform (stage IV) (Fig. 1A) . These mature CD45RA ϩ CD3 ϩ/hi thymocytes express either CD4 or CD8 (16, 41, 44) (Fig. 1A) . Thymocytes at the developmental stage preceding CD45RA expression (CD45RA Ϫ CD3 ϩ/hi ) express the tumor necrosis factor receptor family member CD27 (stage III) and include late CD4/CD8 double-positive cells as well as CD4 and CD8 single-positive cells (Fig. 1A) . CD27 has been shown to function as a costimulatory molecule affecting the proliferation of peripheral T cells, which is consistent with CD27 expression in the thymus, where CD27 expression marks thymocytes that gain functional proliferative responsiveness to mitogens such as PHA (28, 46) . The more immature population preceding CD3 ϩ/low CD45RA Ϫ CD27 Ϫ cells (stage II) bears the activation marker CD69, a C-type lectin binding protein that arises in response to positive selection signaling for an appropriate TCR rearrangement (42) . The most immature cells we examined were cells at the stage before positiveselection CD3 Ϫ CD45RA Ϫ CD27 Ϫ CD69 Ϫ cells (stage I). Within this most immature stage, a subset of cells expresses the transferrin receptor CD71, also referred to as the proliferating antigen (stage I-P). In the thymus, the CD71 ϩ population is enriched in cells with more than 2N DNA as determined by flow cytometric measurements of DNA content by the DNA fluorescent molecule 7-amino-actinomycin D (Fig. 1B) .
X4 and R5 HIV-1 replicate at distinct stages of thymopoiesis in vivo. To further delineate the stages of T-cell activation or development at which R5 and X4 HIV-1 replicate, thy/liv graft implants in SCID-hu mice were infected with X4 HIV-1 (NL4-3) (four experiments) or R5 HIV-1 (JR-CSF) (four experiments). Despite the rapid replication kinetics of NL4-3, virus expression was not detectable at 1 week postinfection in five out of five thy/liv grafts studied at that time point. At 19 days after infection with NL4-3, virus expression was detected by intracellular staining for Gag HIV-1 in two out of two thy/liv grafts at frequencies of 0.05 to 0.3% of the total thymocytes. At 4 and 5 weeks after infection with NL4-3, 6 out of 10 of the thy/liv graft implants expressed virus in 5 to 9% of the total thymocytes and depletion of CD4 ϩ and CD4 ϩ CD8 ϩ cells was observed. To detect JR-CSF expression, infected thy/liv graft implants were collected at weeks 1, 3.5, 4, 7, 8, and 9. No virus expression was detected at 1 week postinfection in five out of five JR-CSF-infected mice. However, 31 out of 33 thy/liv graft implants expressed JR-CSF after week 3.5 postinfection and the numbers of Gag HIV-1 ϩ thymocytes ranged from 0.15 to 1.5% of the total population.
By intracellular staining for Gag HIV-1 protein, we calculated the frequency of virus-expressing cells at each of the developmental stages of thymocyte maturation. In NL4-3-infected implants, more than 80% of the virus-expressing cells were present in the immature CD69 Ϫ (stage I; CD3 Ϫ/low ) popula- (Fig. 2) . In contrast, in JR-CSF-infected SCID-hu mice, more than 70% of the virus-expressing thymocytes were mature CD3 ϩ/hi cells (Fig. 2) . The majority of these mature JR-CSF-expressing thymocytes were CD27 ϩ and CD69 ϩ , and 24% expressed CD45RA. Thus, at early time points after in vivo HIV-1 infection, X4 HIV-1 was expressed in very immature (stage I) thymocytes, while R5 HIV-1 was expressed mainly in mature (stage III) thymocytes.
Differences in R5 and X4 HIV-1 proviral burden in thymocyte subsets. To determine whether the differential expression of HIV-1 by X4 and R5 HIV-1 in thymocyte subsets was due to differences in the proviral levels or to a block in virus expression, we examined the HIV-1 DNA content in the thymocyte subsets by quantitative DNA PCR. At 4 and 7 weeks after infection of the thymic implant, we analyzed the R5 HIV-1-established infection in each of the thymocyte subsets. The proviral levels were calculated as numbers of copies per 100 cell equivalents as follows: for stage I-P, 10 Ϯ 3.7; for stage I, 8.7 Ϯ 2.8; for stage II, 5.1 Ϯ 1.6; for stage III, 13.4 Ϯ 3.8; for stage IV, 8.6 Ϯ 0.7; and for the total population, 6.9 Ϯ 2.5 (Fig.  3) . These data indicate that proviral DNA was also high in immature thymocyte subsets. However, the R5 proviral burden in the stage III thymocyte subset was significantly higher (P ϭ 0.04) than those in other subsets.
The average percentage of thymocytes expressing R5 Gag HIV-1 /cell (Table 1) was less than the average number of proviruses detected in this population (assuming one virus infection per cell in each subset) (Fig. 3) , indicating that R5 HIV-1 persists through development in a nonexpressed form and is present as early as stage I-P (in the CD3 Ϫ /CD71 ϩ population). Dividing the percentage of cells expressing viral proteins (Table 1) by the percentage of provirus-harboring cells (Fig. 3) , we found that the percentages of cells in each subset expressing R5 HIV-1 are as follows: for stage I-P, 12%; for stage I, 5.3%; for stage II, 17.8%; for stage III, 19.2%; and for stage IV, 26.7%. As X4 HIV-1 causes substantial CD4 ϩ thymocyte depletion at weeks 4 to 7 postinfection, we chose to analyze X4 HIV-1 infection before T-cell loss occurs. We therefore determined the X4 proviral burden early, at 19 days postinfection. The proviral burdens, calculated as numbers of copies per 100 cell equivalents, were as follows: for subset I-P, 21.3 Ϯ 9.8; for subset I, 8.5 Ϯ 6.7; for subset II, 3.9 Ϯ 3.5; for subset III, 2.3 Ϯ 2.1; for subset IV, 1.1 Ϯ 1.2; and for the total population, 0.5 Ϯ 0.6. The X4 proviral burden in the stage I-P thymocyte subset was significantly higher (P ϭ 0.07) than those in other subsets. We found that the subset producing most of the X4 virus also harbored the greatest proviral burden (Table 1 and Fig. 3) .
Presumably, nonexpressed X4 HIV-1 is established at early developmental stages as well; however, with such rapid replication and CD4 thymocyte destruction in the X4 HIV-1 NL4-3 -infected implant, not enough cells were available to select and purify each subset at late stages postinfection. Certainly, by 19 days postinfection, high X4 HIV-1 burden was achieved (Fig.  3) , with barely detectable expression in the CD3 Ϫ CD71 ϩ thymocyte subset (Table 1) . Thus, all through thymocyte de- velopment, cellular conditions may lead to a certain degree of nonexpressed R5 and X4 viral DNA or potentially latent HIV-1.
CCR5 and CXCR4 expression in distinct thymocyte subsets. Four-color flow cytometric analysis of CXCR4 and CCR5 expression was performed among the five stages of activation presented above to compare the relative levels of coreceptor expression within the thymocyte subsets. As we and others have described previously, the percentages of cells expressing CCR5 were low at all stages, with mature medullary thymocytes expressing the highest percentage of CCR5 (6, 26) . We show more specifically that the greatest expression of CCR5 was present at stage III (CD27 ϩ ), with 2.5% Ϯ 0.8% (Fig. 4) . The percentage of CCR5 expression for stage III thymocytes was significantly higher (P ϭ 0.04) than those for thymocytes at other stages of differentiation. In contrast, CXCR4 was expressed at high percentages in all thymocyte subsets. The highest levels of CXCR4 expression, as measured by mean fluorescent intensity, occurred on immature thymocytes and particularly on immature thymocytes at the cycling stage (stage I-P; CD45RA Ϫ CD27 Ϫ CD69 Ϫ CD71 ϩ ) (Fig. 4) (6, 20, 27) . The level of CXCR4 expression on stage I-P thymocytes was significantly higher (P ϭ 0.07) than those on thymocytes at other stages of differentiation. At the point of positive selection (stage II), CXCR4 was downregulated (39) (Fig. 4) . Finally, prior to exiting the thymus, thymocytes demonstrated increased expression of CXCR4, and the frequency of CCR5 expression declined, generating the coreceptor levels found for peripheral blood naïve T cells (Fig. 4) . Thus, differential levels of HIV-1 coreceptor expression were observed in thymocyte subsets at different stages of maturation. These patterns of coreceptor expression were found in all five postnatal thymus tissues examined.
HIV-1 entry in discrete thymocyte subsets correlates with levels of coreceptor expression. HIV-1 provirus was detected in all thymocyte subsets tested, yet the virus may have entered at an earlier developmental stage. Therefore, to examine the susceptibility of each of the thymocyte subsets to direct HIV-1 infection, we purified each of the five subsets (stages I-P and I to IV) and infected each subset in vitro. The role of Env for conferring the chemokine receptor tropism of a virus was examined by infection of thymocyte subsets with R5 HIV-1 NFN-SX , derived from NL4-3, with only 157 amino acid differences in the Env protein (24) . Each of the thymocyte subsets was infected in parallel with X4 HIV-1 NL4-3 , R5 HIV-1 NFN-SX , and R5 HIV-1 JR-CSF in vitro for 18 h. As we and others described previously, X4 entry was greater than R5 entry in the thymocyte subsets due to the greater prevalence of CXCR4 expression than CCR5 expression in thymocytes (6, 27) . Viral entry of R5 HIV-1 (NFN-SX and JR-CSF) was highest in the CD27 ϩ
CD45RA
Ϫ thymocyte subset in three out of three experiments in which cells were infected with equal amounts of virus (Fig.  5) . The mean viral-copy numbers of NFN-SX and JR-CSF a Thymocytes were isolated from HIV-1-infected implants from 2.5 to 7 weeks postinfection. The cells were surface stained with antibodies to CD3, CD71, CD69, CD27, and CD45RA combined with intracellular staining for the Gag HIV-1 protein (KC57-FITC). Each specific subset was gated electronically, and the frequencies of Gag HIV-1 (KC57 ϩ )-expressing cells in the subsets were determined. ND, not determined. DNA per 1,000 cells were as follows, respectively: for the total thymocytes, 2 and 2.4; for stage I-P, 10.5 and 1.5; for stage I, 3.3 and 3.9; for stage II, 4.2 and 3; for stage III (CD27 ϩ ), 23 and 7.6; and for stage IV, 6 and 5.2. These data indicate that R5 HIV-1 viral entry was 2-to 12-fold higher in CD27 ϩ cells than in the total population after in vitro infection (Fig. 5A and B) . R5 HIV-1 NFN-SX entry was statistically significantly higher in stage III thymocytes (P ϭ 0.02) than in other subsets, while HIV-1 JR-CSF entry in stage III thymocytes reached statistical significance (P ϭ 0.09). R5 HIV-1 JR-CSF entry was dependent on the presence of CCR5 since entry was prevented by the CCR5 antagonist TAK779 (3) (data not shown). X4 HIV-1 entry was quite efficient among all thymocyte subsets but was significantly higher in stage I-P thymocytes (P ϭ 0.01) than in other subsets. Thus, X4 and R5 HIV-1 entered thymocyte subsets at all stages of differentiation. However, while R5 entry occurred in all subsets, the highest level of R5 entry was observed in the CD27 ϩ CD45RA Ϫ developmental stage (stage III).
Each thymocyte subset is sufficiently active for R5 and X4 HIV-1 reverse transcription. As reported for peripheral quiescent T cells, the completion of reverse transcription is dependent on the activation state of the cell (21) . By harvesting FIG. 4 . HIV-1 coreceptor expression in thymocytes at five developmental stages. CCR5 and CXCR4 expression at stages I-P to IV of thymocyte development was determined by four-color flow cytometric analysis using combinations of monoclonal antibodies to CCR5-PE, CXCR4-PE, CD3-FITC and -APC, CD45RA-APC, CD27-FITC, CD69-TC, and CD71-FITC in five separate experiments as described in Materials and Methods. Asterisks indicate statistically significant differences. As only small numbers of thymocytes express CCR5 and almost all thymocytes express CXCR4, CCR5 data are expressed in percentages and CXCR4 data as mean fluorescence intensities. (A) The mean percent CCR5 ϩ cells in each subset was as follows: for subset I-P, 0.95% Ϯ 0.6%; for subset I, 0.08% Ϯ 0.07%; for subset II, 0.16% Ϯ 0.06%; for subset III, 2.5% Ϯ 0.8%; and for subset IV, 1% Ϯ 0.9%. (B) Since CXCR4 is expressed in each of these subsets, we measured the mean fluorescent intensity (or geometric mean) of CXCR4 for each subset relative to that for subset I-P, which consistently expressed the highest levels of CXCR4 in all five experiments. Subset I-P, 100%; subset I, 32% Ϯ 9%; subset II, 14% Ϯ 9%; subset III, 23% Ϯ 17%; and subset IV, 39% Ϯ 28%.
FIG. 5. HIV-1 entry in thymocyte subsets at different stages of maturation. Postnatal thymocytes were separated into individual subsets by magnetic beads and infected in vitro. Eighteen hours postinfection, quantitative PCR was performed to measure the number of initial reverse transcription products (R-U5), and the cell numbers were determined by beta-globin quantitative PCR. Values were calculated based on interpolation from a standard curve, and HIV-1 copy numbers were normalized to 1,000-cell equivalents from each subset after infection by R5 HIV-1 JR-CSF (A), R5 HIV-1 NFN-SX (B), and X4 HIV-1 NL4-3 (C). The mean viral-copy numbers and standard deviations for X4 and R5 HIV-1 DNA based on triplicate measurements in one representative experiment out of three are shown. Asterisks indicate statistically significant differences calculated based on data from three independent experiments.
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DISCUSSION
Upon examining HIV-1 replication in thymocyte subsets associated with markers of activation, we found for the first time preferential entry and replication of R5 HIV-1 more specifically in CD3 ϩ/hi CD27 ϩ thymocytes in vivo in the SCID-hu model. This finding has important implications for HIV-1 pathogenesis, as thymocytes acquire functional capabilities at the CD3 ϩ/hi CD27 ϩ CD1 Ϫ stage of development (28) . Thus, despite the relatively low levels of viral replication and depletion of CD4 ϩ thymocytes after R5 HIV-1 infection, infection of a functionally important subset can potentially severely impact the regeneration of functional T cells in the periphery. We further show that the highest level of X4 HIV-1 expression occurred in the immature CXCR4 ϩ/hi CD3 Ϫ CD71 ϩ proliferating thymocytes at early time points after infection. These data are in agreement with previous reports that R5 HIV-1 replicates in the mature thymocytes in the medulla (5, 20, 29) and X4 HIV-1 replicates in the immature, CXCR4 ϩ/hi thymocytes in the cortex of the thymus but further delineates the precise stage of thymopoiesis for R5 and X4 HIV-1 targets.
The CD3 ϩ/hi CD27 ϩ CD1 Ϫ thymocyte subset marks cells that have received signals through the T-cell receptor to drive positive selection of the CD4 ϩ CD8 ϩ thymocytes and have acquired functional responsiveness (28) . Thus, after positive selection, CXCR4 expression decreases and CCR5 expression increases. This is also the stage where thymocytes respond to the cytokines IL-2 and IL-4 to produce high levels of HIV-1 in vitro (26) . This process of decreased CXCR4 and increased CCR5 expression after T-cell receptor signaling in the thymus mirrors an occurrence in the periphery, where CXCR4 expression decreases and CCR5 expression increases as naïve cells progress to memory cells (7) . In addition, functional responsiveness to antigen is improved in the memory cells compared to that in the naïve T cells, just as functional responsiveness to mitogens is acquired in the positively selected thymocytes (28) .
Despite the low level of CCR5 expression, we found that R5 viruses could infect and replicate in all the subsets tested. In agreement with our results, Scoggins et al. showed that even a more cytopathic R5 HIV-1 isolate persisted in using exclusively CCR5 in the SCID-hu model (35) . As predicted by CXCR4 expression, X4 viruses also entered all the subsets tested; however, the greatest viral burden and highest frequency of expression were observed in the CD3 Ϫ CD71 ϩ subset. Consistent with CD71, the transferrin receptor, which is referred to as the proliferation antigen, we found about 50% of the CD71 ϩ cells well into the S/G 2 and M phases of the cell cycle, whereas only 20% of the total population was beyond the G 1 phase of the cell cycle. Thus, part of the enhanced cytopathicity of X4 viruses in the thymus may be due not only to direct cell depletion but also to the destruction of the replicative capacity of early thymocytes. Camerini et al. calculated a proviral load of one provirus for 11 cells as a threshold for CD4 ϩ thymocyte depletion in the SCID-hu mouse model (10) . By our measurements, X4 HIV-1 NL4-3 achieved this threshold in immature thymocytes at the CD3 Ϫ CD71 ϩ stage (stage I-P) as early as 19 days postinfection, while R5 HIV-1 reached this threshold at the mature CD3 ϩ/hi CD27 ϩ stage (stage III). We also show that human thymocytes at multiple stages of development are permissible for direct HIV-1 entry and reverse transcription in vitro. Though quiescent peripheral T lymphocytes render HIV-1 unable to complete reverse transcription in vitro (50), we found that thymocyte subsets at numerous developmental stages are sufficiently activated for HIV-1 to complete reverse transcription in vitro. Factors such as TCR signal strength and IL-2 signaling of resting peripheral showed that in vitro nonproductively infected naïve quiescent T cells are productively infected when residing in the microenvironment of the lymph nodes in vivo (13) . Thus, HIV-1 replication in distinct thymocyte subsets correlates more with coreceptor expression than with the activation state of thymocytes. Human thymocytes appear permissible to HIV-1 replication by well-characterized molecular clones NL4-3 and JR-CSF. However, Stoddart et al. reported that protease inhibitor-resistant isolates are not propagated in the SCID-hu thymus despite sufficient replication in peripheral T cells (38) . The mechanism for this thymocyte-selective block in HIV-1 replication is unknown, but it does raise the question as to how well molecularly disparate quasi-species present in vivo are able to replicate in the thymus. We previously measured and compared the replicative capacities of 10 HIV-1 isolates from children to those of the well-characterized X4 HIV-1 NL4-3 and R5 HIV-1 JR-CSF clones in vitro (26) . R5 HIV-1 isolates prevailed over X4 isolates among these pediatric isolates, which were obtained as close to birth as possible. We found that X4 primary isolates were not more cytopathic for thymocytes than the R5 isolates, indicating that coreceptor use by HIV-1 primary isolates was important but not the sole determinant of HIV-1 pathogenesis in the thymus (26) . These data are supported by the finding that replication in CD4 ϩ T-cell cultures of R5 HIV-1 isolates is higher than that in X4 and dual tropic HIV-1 isolates (34). Camerini et al. reported that the determinants for cytopathicity were due to replication levels, and X4 Env enabled greater entry and replication than R5 HIV-1 in the thymus, reaching the critical threshold of replication for cytopathic effects (10).
Brooks et al. proposed that X4 HIV-1 latency in peripheral T cells could be established after infection of the thymus by using the SCID-hu mouse model (9) . Latency formation is attributed to a decrease in viral transcription as thymocytes mature. In agreement with this, we found that the frequencies of X4-expressing cells decreased within progressively maturing thymocyte subsets. However, with R5 HIV-1, we found that the frequencies of R5 virus expression and proviral burden increased in thymocytes at more-mature stages of development (stages III and IV). Although R5 HIV-1 replication frequency increased in the mature subsets, at stages III and IV, where 2 to 5% of the cells expressed HIV-1, the proviral burdens ranged from 8 to 20% (on average, greater than 80% of R5 HIV-1-infected thymocytes did not express HIV-1), thereby confirming the notion that a pool of potentially latently infected cells is likely exported to the periphery. Even at the early (I and I-P) stages of thymopoiesis, R5 HIV-1 expression occurred in 0.3 to 3% of thymocytes, whereas the proviral burdens ranged from 10 to 28% of thymocytes in stages I and I-P, indicating that latency can be potentially established early in development and maintained throughout thymocyte development. Thus, thymocytes at multiple stages of development are permissive for viral replication and are at an optimal activation state for viral entry, reverse transcription, and latency formation.
Our results were obtained with the SCID-hu mouse model, which allows access to, and dissection of, thymocyte subsets for extensive ex vivo analysis of R5 and X4 HIV-1 infection in thymocyte subsets. The model was the first to correctly show that nef deletion results in attenuated HIV-1 replication, that breakthrough of HIV-1 replication can occur in vivo in the face of antiretroviral therapy, and that the thymus is not permanently damaged by HIV-1 replication (reviewed in reference 19). These findings have consistently shown that the SCID-hu mouse model accurately recapitulates HIV-1 pathogenesis in humans. There are certainly limitations to the model, such as a lack of immune responses and an absence of peripheral lymphoid cells (19) . However, the SCID-hu mouse model does allow for an accurate assessment of the impact of HIV-1 on the development and regeneration of naïve T cells.
